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Abstract. The non-standard opto-electronic oscillator
(OEO) operation is discussed in the generation mode of a
single-side optical harmonic on the base of external and
internal modulation of the laser signal. The OEO
mathematical model is formed basing on laser differential
equations for the closed radiofrequency network. With the
help of the model offered, the phase noise of OEO
radiofrequency oscillations is analyzed. It is shown that
phase noise reduction in the circuit with external
modulation depends not only on the increased laser power
and growth of the geometric length of the optical fiber, but
on reduction of the laser phase noise.
Keywords:  opto-electronic oscillator, phase noise, optical
fiber, QW laser, microwave oscillator.
I. INTRODUCTION. THE OPTO-ELECTRONIC OSCILLATOR
STRUCTURE
Development and creation of the compact ultra-low-noise
microwave signal sources, which would be impact-resistant, is
an important problem of modern radio-physics and radio
engineering. Levels of the phase noise spectral density at the
microwave source output must be for most of the applications
-120…-170 dB/Hz at generation frequency 8…12 GHz for 1-
kHz offset from a carrier. Constructions of these oscillators
must sustain the strong mechanical impact loads in
200…2000 N/cm and high accelerations up to 2…10g.
Geometrical dimensions of the modern signal sources should
often be approximately 10 10 10 cubic mm, especially for the
satellite applications.
Development and implementation of new compact
microwave and millimeter-wave oscillators with improved
performance would lead to revolutionary jump in radio
electronics, perhaps, comparable to discovery of the quantum-
dimensional lasers or (as in radio engineering) at arriving of
the high-stability quartz crystal resonator. The new type of
oscillators called as opto-electroni  oscillator (OEO) described
in this paper will permit to use in the mobile communications
and in Internet systems of new radiofrequency channels for
information transmission, including 30…75-GHz ranges at the
low power of transmitters. A number of publications devoted
to OEO experimental investigations grows each year [1-8].
Opto-electronic oscillators will undoubtedly find wide
application in the fiber-optical communication lines as well as
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in on-board radar systems on millimeter- and centimeter
ranges, in communication systems as low-noise local
oscillators in receivers and as a master clock in transmitters, in
an optical lidar technology, as sensors of different physical
quantities and in many other systems [8-11].
Let us consider the OEO structural diagram with external
modulation of optical emission, which is often called as an
opto-electroni  oscillator with the Max–Zender modulator




 Figure 1.  (a) Structural diagram of OEO with external MZ
modulator; (b) OEO circuit, a laser is the energy pump; ( )
Equivalent OEO circuit with a correlator.
OEO is formed by the following principal units: a laser,
the Mach-Zender (MZ) modulator, which is connected serially
into a ring, the fiber-optical system (FOS) containing an
optical filter (OF) and the single-mode optical fiber (FO), a
photo-detector (PD), for instance, the quantum-dimension
photo-diode, a narrowband radiofrequency filter (F), a
t  l t  it  
Alexander A. Bortsov, Sergey M. Smolskiy, Member IEEE1
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1
Abstract. The non-standard opto-electronic oscillator
(OEO) operation is discussed in the generation mode of a
single-side optical harmonic on the base of external and
internal modulation of the laser signal. The OEO
mathematical model is formed basing on laser differential
equations for the closed radiofrequency network. With the
help of the model offered, the phase noise of OEO
radiofrequency oscillations is analyzed. It is shown that
phase noise reduction in the circuit with external
modulation depends not only on the increased laser power
and growth of the geometric length of the optical fiber, but
on reduction of the laser phase noise.
Keywords:  opto-electronic oscillator, phase noise, optical
fiber, QW laser, microwave oscillator.
I. INTRODUCTION. THE OPTO-EL CTRONIC OSCILLATOR
STRUCTURE
Development and creation of the compact ultra-low-noise
microwave signal sources, which would be impact-resistant, is
an important problem of modern radio-physics and radio
engineering. Levels of the phase noise spectral density at the
microwave source output must be for most of the applications
-120…-170 dB/Hz at generation frequency 8…12 GHz for 1-
kHz offset from a carrier. Constructions of these oscillators
must sustain the strong mechanical impact loads in
200…2000 N/cm and high accelerations up to 2…10g.
Geometrical dimensions of the modern signal sources should
often be approximately 10 10 10 cubic mm, especially for the
satellite applications.
Development and implementation of new compact
microwave and millimeter-wave oscillators with improved
performance would lead to revolutionary jump in radio
electronics, perhaps, comparable to discovery of the quantum-
dimensional lasers or (as in radio engineering) at arriving of
the high-stability quartz crystal resonator. The new type of
oscillators called as opto-electroni  oscillator (OEO) described
in this paper will per it to use in the mobile communications
and in Internet systems of new radiofrequency channels for
information transmission, including 30…75-GHz ranges at the
low power of transmitters. A number of publications devoted
to OEO experimental investigations grows each year [1-8].
Opto-electronic oscillators will undoubtedly find wide
application in the fiber-optical communication lines as well as
1 Alexand r A. Bortsov is with Moscow Power En ineering Institute
(National Research Univers ty), Russia (e-mail: laseroeo5@gmail.com).
Sergey M. Smolskiy is with Moscow Power Engineering Institute
(Natio al Research University), Russia (e-mail: SmolskiySM@mail.ru).
Manuscript submitted on November ___, 2018.
in on-board radar systems on millimeter- and centimeter
ranges, in communication systems as low-noise local
oscillators in receivers and as a master clock in transmitters, in
an optical lidar technology, as sensors of different physical
quantities and in many other systems [8-11].
Let us consider the OEO structural diagram with external
modulation of optical emission, which is often called as an
opto-electroni  oscillator with the Max–Zender modulator




 Figure 1.  (a) Structural diagram of OEO with external MZ
modulator; (b) OEO circuit, a laser is the energy pump; ( )
Equivalent OEO circuit with a correlator.
OEO is formed by the following principal units: a laser,
the Mach-Zender (MZ) modulator, which is connected serially
into a ring, the fiber-optical system (FOS) containing an
optical filter (OF) and the single-mode optical fiber (FO), a
photo-detector (PD), for instance, the quantum-dimension
photo-diode, a narrowband radiofrequency filter (F), a
Opto-Electronic Oscillator with Mach-Zender
Modulator
Alexander A. Bortsov, Sergey M. Smolskiy, Member IEEE1
> REPLACE THIS LINE ITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1
Abstract. The non-standard opto-electronic osci lator
(OEO) operation is discu sed in the generation mode of a
single-side optical harmonic on the base of external and
internal modulation of the laser signal. The OEO
mathematical model is formed basing on laser di ferential
equations for the closed radiofrequency network. ith the
help of the model o fered, the phase noise of OEO
radiofrequency osci lations is analyzed. It is shown that
phase noise reduction in the circuit with external
modulation depends not only on the increased laser power
and growth of the geometric length of the optical fiber, but
on reduction of the laser phase noise.
Keywords:  opto-electronic osci lator, phase noise, optical
fiber, Q  laser, microwave osci lator.
I. INTRODUCTION. THE OPTO-ELECTRONIC OSCILLATOR
STRUCTURE
Development and creation of the compact ultra-low-noise
microwave signal sources, which would be impact-resistant, is
an important problem of modern radio-physics and radio
engineering. Levels of the phase noise spectral density at the
microwave source output must be for most of the applications
-120 -170 dB/Hz at generation frequency 8 12 GHz for 1-
kHz o fset from a ca rier. Constructions of these osci lators
must sustain the strong mechanical impact loads in
200 2000 N/cm and high a celerations up to 2 10g.
Geometrical di ensions of the modern signal sources should
often be approximately 10 10 10 cubic mm, especia ly for the
sate lite applications.
Development and implementation of new compact
microwave and mi limeter-wave osci lators with improved
performance would lead to revolutionary jump in radio
electronics, perhaps, comparable to discovery of the quantum-
dimensional lasers or (as in radio engin ering) at a riving of
the high-stability quartz crystal resonator. The new type of
osci lators ca led as opto-electroni  osci lator (OEO) described
in this paper wi l permit to use in the mobile communications
and in Internet systems of new radiofrequency channels for
information transmi sion, including 30 75-GHz ranges at the
low power of transmi ters. A number of publications devoted
to EO experimental investigations grows each year [1-8].
Opto-electronic osci lators wi l undoubtedly find wide
application in the fiber-optical communication lines as we l as
1 Alexande  A. Bort ov is with Moscow Power Engin ering Institute
(National Research Un versity), Ru sia (e-mail: las roeo5@gma l.com).
Sergey M. Smolskiy is with Moscow Power Engin er ng Institute
(National Research University), Ru sia (e-mail: SmolskiySM@mail.ru).
Manuscript submitted on November _, 2018.
in on-board radar systems on mi limeter- and centimeter
ranges, in communication systems as low-noise local
osci lators in receivers and as a master clock in transmi ters, in
an optical lidar technology, as sensors of di ferent physical
quantities and in many other systems [8-11].
Let us consider the OEO structural diagram with external
modulation of optical emi sion, which is often ca led as an
opto-electroni  osci lator with the Max–Zender modulator




 Figure 1.  (a) Structural diagram of OEO with external MZ
modulator; (b) OEO circuit, a laser is the energy pump; ( )
Equivalent OEO circuit with a co relator.
OEO is formed by the fo lowing principal units: a laser,
the Mach-Zender (MZ) modulator, which is connected seria ly
into a ring, the fiber-optical system (FOS) containing an
optical filter (OF) and the single-mode optical fiber (FO), a
photo-detector (PD), for instance, the quantum-dimension
photo-diode, a na rowband radiofrequency filter (F), a
t - l tr i  ill t r it  - r
l t r
Alexander A. Bortsov, Sergey . Smolskiy, ember IEEE1
. .
 l e  . t  i  it    i i  tit t
ti l  i it , i  il: l il. .
 . l i  i  it    i i  tit t
ti l  i it , i  il: l i il. .
i t it    , .
  I  I  I    I I I I   ( - I    I ) 
str ct. e -st r  t -electr ic scill t r
( ) er ti  is isc sse  i  t e e er ti  e f 
si le-si e tic l r ic  t e se f e ter l 
i ter l l ti  f t e l ser si l. e 
t e tic l el is f r e  si   l ser iffere ti l
e ti s f r t e cl se  r i fre e c  et r . it  t e
el  f t e el ffere , t e se ise f 
r i fre e c  scill ti s is l ze . It is s  t t
se ise re cti  i  t e circ it it  e ter l
l ti  e e s t l   t e i cre se  l ser er
 r t  f t e e etric le t  f t e tic l fi er, t
 re cti  f t e l ser se ise.
e r s:  t -electr ic scillat r, ase ise, tical
fi er,  laser, icr a e scillat r.
I. I I . P - I S I
S
e el e t a  creati  f t e c act ltra-l - ise
icr a e si al s rces, ic  l  e i act-resista t, is
a  i rta t r le  f er  ra i - sics a  ra i
e i eeri . e els f t e ase ise s ectral e sit  at t e
icr a e s rce t t st e f r st f t e a licati s
- -  / z at e erati  fre e c   z f r -
z ffset fr  a carrier. str cti s f t ese scillat rs
st s stai  t e str  ec a ical i act l a s i
 /c  a  i  accelerati s  t  .
e etrical i e si s f t e er  si al s rces s l
fte  e a r i atel   c ic , es eciall  f r t e
satellite a licati s.
e el e t a  i le e tati  f e  c act
icr a e a  illi eter- a e scillat rs it  i r e
erf r a ce l  lea  t  re l ti ar  j  i  ra i
electr ics, er a s, c ara le t  isc er  f t e a t -
i e si al lasers r (as i  ra i  e i eeri ) at arri i  f
t e i -sta ilit  artz cr stal res at r. e e  t e f
scillat rs calle  as t -electr i  scillat r ( ) escri e
i  t is a er ill er it t  se i  t e ile c icati s
a  i  I ter et s ste s f e  ra i fre e c  c a els f r
i f r ati  tra s issi , i cl i  - z ra es at t e
l  er f tra s itters.  er f licati s e te
t   e eri e tal i esti ati s r s eac  ear [ - ].
t -electr ic scillat rs ill te l  fi  i e
a licati  i  t e fi er- tical c icati  li es as ell as
1 lexand r . ortsov is ith osco  Po r n ineering Institute
( ational esearch niversity), ussia (e- ail: laseroeo5 g ail.co ).
Sergey . S olskiy is ith osco  Po er ngineering Institute
( ational esearch niversity), ussia (e- ail: S olskiyS ail.ru).
anuscript sub itted on ove ber ___, 2018.
i  - ar  ra ar s ste s  illi eter- a  ce ti eter
ra es, i  c icati  s ste s as l - ise l cal
scillat rs i  recei ers a  as a aster cl c  i  tra s itters, i
a  tical li ar tec l , as se s rs f iffere t sical
a tities a  i  a  t er s ste s [ - ].
et s c si er t e  str ct ral ia ra  it exter l
l ti f tical e issi , ic  is fte  calle  as a
t -electr i  scillat r it  t e a e er lat r




 i re .  (a) tr ct ral ia ra  f  it  e ter al 
lat r; ( )  circ it, a laser is t e e er  ; ( )
i ale t  circ it it  a c rrelat r.
 is f r e   t e f ll i  ri ci al its: a laser,
t e ac - e er ( ) lat r, ic  is c ecte  seriall
i t  a ri , t e fi er- tical s ste  ( ) c tai i  a
tical filter ( ) a  t e si le- e tical fi er ( ), a
t - etect r ( ), f r i sta ce, t e a t - i e si
t - i e, a arr a  ra i fre e c  filter ( ), a
l r . rts , r  . ls i , r I 1
. .
 l  . t  i  it    i i  tit t
ti l  it , i  il: l l. .
 . l i  i  it    i i  tit t
ti l  i it , i  il: l i il. .
i t i t    , .
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 1
Abstract. The non-standard opto-electronic oscillator
(OEO) operation is discussed in the generation mode of a
single-side optical harmonic on the base of external and
internal modulation of the laser signal. The OEO
mathematical model is formed basing on laser differential
equations for the closed radiofrequency network. With the
help of the model offered, the phase noise of OEO
radiofrequency oscillations is analyzed. It is shown that
phase noise reduction in the circuit with external
modulation depends not only on the increased laser power
and growth of the geometric length of the optical fiber, but
on reduction of the laser phase noise.
Keywords:  opto-electronic oscillator, phase noise, optical
fiber, QW laser, microwave oscillator.
I. INTRODUCTION. THE OPTO-ELECTRONIC OSCILLATOR
STRUCTURE
Development and creation of the compact ultra-low-noise
microwave signal sources, which would be impact-resistant, is
an important problem of modern radio-physics and radio
engineering. Levels of the phase noise spectral density at the
microwave source output must be for most of the applications
-120…-170 dB/Hz at generation frequency 8…12 GHz for 1-
kHz offset from a carrier. Constructions of these oscillators
must sustain the strong mechanical impact loads in
200…2000 N/cm and high accelerations up to 2…10g.
Geometrical dimensions of the modern signal sources should
often be approximately 10 10 10 cubic mm, especially for the
satellite applications.
Development and implementation of new compact
microwave and millimeter-wave oscillators with improved
performance would lead to revolutionary jump in radio
electronics, perhaps, comparable to discovery of the quantum-
dimensional lasers or (as in radio engineering) at arriving of
the high-stability quartz crystal resonator. The new type of
oscillators called as opto-electroni  oscillator (OEO) described
in this paper will permit to use in the mobile communications
and in Internet systems of new radiofrequency channels for
information transmission, including 30…75-GHz ranges at the
low power of transmitters. A number of publications devoted
to OEO experimental investigations grows each year [1-8].
Opto-electronic oscillators will undoubtedly find wide
application in the fiber-optical communication lines as well as
1 Alexander A. Bortsov is with Moscow Power Engineering Institute
(National Research University), Russia (e-mail: laseroeo5@gmail.com).
Sergey M. Smolskiy is with Moscow Power Engineering Institute
(National Research University), Russia (e-mail: SmolskiySM@mail.ru).
Manuscript submitted on November ___, 2018.
in on-board radar systems on millimeter- and centimeter
ranges, in communication systems as low-noise local
oscillators in receivers and as a master clock in transmitters, in
an ptical lidar technology, s ensors of differ nt phy cal
quantities and n many other syste s [8-11].
Let us consider the OEO structural diagram with external
modulation of optical emission, which is often called as an
opto-electroni  oscillator with the Max–Zender modulator




 Figure 1.  (a) Structural diagram of OEO with external MZ
modulator; (b) OEO circuit, a laser is the energy pump; ( )
Equivalent OEO circuit with a correlator.
OEO is formed by the following principal units: a laser,
the Mach-Zender (MZ) modulator, which is connected serially
into a ring, the fiber-optical system (FOS) containing an
optical filter (OF) and the single-mode optical fiber (FO), a
photo-detector (PD), for instance, the quantum-dimension
photo-diode, a narrowband radiofrequency filter (F), a
Opto-Electronic Oscillator with Mach-Zender
Modulat r
Alexander A. Bortsov, Sergey M. Smolskiy, Member IEEE1
DOI: 10.36244/ICJ.2019.1.6
Opto-Electronic Oscillator  
with Mach-Zender Modulator
MARCH 2019 • VOLUME XI • NUMBER 146
INFOCOMMUNICATIONS JOURNAL
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 2
nonlinear amplifier (A), and a directional coupler ( ). Serially
connected Laser, MZ, OF, FO, and PD constitute the unit of
fiber-optical delay line (FODL), which electrical input is the
MZ modulator input (the MZ input signal), and its electrical
output coincides with PD electrical output i.e., the output
voltage on the PD load resistor).
As we see, OEO contains the feedback loop of
radiofrequency and it results in double generation: laser on the
optical frequency and RF feedback circuit with RF modulation
of the optical oscillation.
The opto-electronic oscillator implemented according to
the scheme of external modulation can be considered as an
oscillator with delayed feedback in which FODL of the
radiofrequency oscillation is active. The FODL has its own
amplitude and phase noises which are the laser noises reduced
to the FODL output (or passed from the Laser output through
MZ, OF, FO).
We can use the quantum-dimension laser diode or the
fiber-optical laser with activated erbium dope etc. as the OEO
laser. In the diagram in Figure 1, the Laser is presented by
closed into a loop the optical amplifier (OA), the optical filter
(OF), which corresponds to the “traveling-wave” laser or the
fiber-optical laser. The optical pump power PP  acts at the
active amplifier. If the excitation conditions are met, the laser
generates optical oscillations which pass from its output into
MZ, then pass via two optical channels with different delays,
combine together and through OF and FO acts to the light-
sensitive PD area. An effective modulation by MZ is possible
in microwave range only for single-mode single-frequency
and linear-polarized emission of the highly-coherent laser.
Quantum-Well (QW) laser diodes and the fiber-optical lasers
with polarizers at their outputs are such emission sources.
The laser is the pump source for the radiofrequency
network (Figure 1b) closed into a loop and formed by a
modulator, an optical fiber, a photo-detector, an electronic
amplifier, an electric filter, and a coupler.
As a result of oscillation processes, the spectra are formed
with fluctuations having the various nature, but the spectral
line width of radiofrequency oscillations is defined by
parameters of two oscillating system: the laser and the
radiofrequency oscillator.
II PROBLEM STATEMENT
At present, in large-dimension models of laser OEO
(Figure 1) with the fiber-optical delay line the low phase noise
level of -157 dB/Hz [5,6] is achieved on the 10 GHz
generation frequency at 1 kHz offset from a carrier.
Experimental and theoretical investigations of the power
spectral density of the laser oscillator phase noise described in
[13], show that reduction of the phase noise level of OEO in
many respects depends on the laser phase noise level. At
oscillation frequency 8…10 GHz at standard offsets from 1 to
10 kHz, the power spectral density of the phase noise is -120
dB/Hz…-140 dB/Hz.
Appearance on the commercial market of nano-dimension
optical fibers with low losses (down to 0.001 dB per one bend,
at small bend radii up to 2…5 mm) becomes the stimulus for
improvement of OEO radiofrequency generation methods.
This allows implementation of comparably small (by
geometric linear maximal dimensions) fiber-optical 5- μ s
delay lines of 10…30 mm.
In spite of the growth of publications devoted to OEO
experimental investigations, the theoretical analysis and
systematization of main mechanisms of the phase noise
suppression in the low-noise laser OEO was not yet described
in known literature. The laser phase noise influence on the
OEO radiofrequency phase noise was not researched yet.
The aim of this paper is to analyze of the main mechanisms
of the phase noise suppression in the ultra-low-noise laser
OEO and research of OEO phase noise influence from the
laser phase noise, the time constant of the laser resonator, the
geometric length of the optical fiber, and optical power.
Following to an approach described in [13], for OEO
noise analysis, we consider the system in Figure 1, in which
two different oscillation processes are developed: laser
oscillations with the generation frequency of approximately
200 THz and 10-GHz oscillations in the radiofrequency
network closed into a loop. At that, the frequency multiplicity
is approximately 20,000.
III  LASER IN OEO
We consider that our laser is highly-coherent device, i.e.,
the spectral line is much less than 100 MHz and the mean
generation frequency is 200 THz. We assume that oscillations
of the normalized electromagnetic field (EMF) at the laser
output are close to sinusoidal with the phase noise component
( )Lm tϕ  and normalized amplitude noises ( )Lmm t :
0 0 0( ) [ ( )] cos[2 ( )].L L Lm L L LmE t E m t t tπν ϕ ϕ= + + + (1)
Here ( )LE t , 0 LE , ( )Lmm t  are normalized non-dimensional
quantities, respectively: the instantaneous intensity, the EMF
intensity amplitude, and the EMF amplitude noise, 0 Lν  is the
average laser oscillation frequency, 0 Lϕ  is the initial constant
phase shift, t  is the current time.
In the opto-electronic oscillator system, under fulfillment
of excitation conditions in the electronic part of such an
oscillator, the radiofrequency oscillations ( )gu u t= give rise.
At that, the radiofrequency signal passes to the electric MZ
input from the output of a nonlinear amplifier through the C
coupler during oscillation generation. The instantaneous
voltage of this signal is
10 0( ) [ ( )] cos[2 ( )],g MZ em e emu t U m t ft tπ φ ϕ= + + + (2)
where 01 01MZ CU U=  is the amplitude of fundamental
oscillation at the electric input of the MZ modulator or at the
C output, f  is the oscillation radiofrequency, 0eφ  is the
constant phase shift, ( )em tϕ  are electronic phase fluctuations,
( )emm t  are electronic amplitude fluctuations.
The low-noise single-mode and single-frequency quantum-
dimension laser diodes or the fiber optical lasers are used as
the light sources in OEO.
The laser included in the OEO structure (Figure 1) is
formed by (closed in the loop) the nonlinear OA, the
narrowband optical filter (OF), and the optical delay line. The
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Quantum-Well (QW) laser diodes and the fiber-optical lasers
with polarizers at their outputs are such emis ion sources.
The laser is the pump source for the radiofrequency
network (Figure 1b) closed into a lo p and formed by a
modulator, an optical fiber, a photo-detector, an electronic
amplifier, an electric filter, and a coupler.
As a result of oscillation proces es, the spectra are formed
with fluctuations having the various nature, but the spectral
line width of radiofrequency oscillations is defined by
parameters of two oscil ating system: the laser and the
radiofrequency oscillator.
I PROBLEM STATEMENT
At present, in large-dimension models of laser OEO
(Figure 1) with the fiber-optical delay line the low phase noise
level of -157 dB/Hz [5,6] is achieved on the 10 GHz
generation frequency at 1 kHz of set from a car ier.
Experimental and theoretical investigations of the power
spectral density of the laser oscillator phase noise described in
[13], show that reduction of the phase noise level of OEO in
many respects depends on the laser phase noise level. At
oscillation frequency 8…10 GHz at standard of sets from 1 to
10 kHz, the power spectral density of the phase noise is -120
dB/Hz…-140 dB/Hz.
Ap earance on the commercial market of nano-dimension
optical fibers with low los es (down to 0.0 1 dB per one bend,
at smal  bend radii up to 2…5 mm) becomes the stimulus for
improvement of OEO radiofrequency generation methods.
This allows implementation of comparably small (by
geometric linear maximal dimensions) fiber-optical 5- μ s
delay lines of 10…30 mm.
In spite of the growth of publications devoted to OEO
experimental investigations, the theoretical analysis and
systematization of main mechanisms of the phase noise
sup res ion in the low-noise laser OEO was not yet described
in known literature. The laser phase noise influence on the
OEO radiofrequency phase noise was not researched yet.
The aim of this paper is to analyze of the main mechanisms
of the phase noise sup res ion in the ultra-low-noise laser
OEO and research of OEO phase noise influence from the
laser phase noise, the time constant of the laser resonator, the
geometric length of the optical fiber, and optical power.
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20  THz and 10-GHz oscil ations in the radiofrequency
network closed into a lo p. At that, the frequency multiplicity
is ap roximately 20,0 .
I   LASER IN OEO
We consider that our laser is highly-coherent device, i.e.,
the spectral line is much les  than 10  MHz and the mean
generation frequency is 20  THz. We as ume that oscillations
of the normalized electromagnetic field (EMF) at the laser
output are close to sinusoidal with the phase noise component
( )Lm tϕ  and normalized amplitude noises ( )Lmm t :
0 0 0( ) [ ( )] cos[2 ( )].L L Lm L L LmE t E m t t tπν ϕ ϕ= + + + (1)
Here ( )LE t , 0 LE , ( )Lmm t  are normalized non-dimensional
quantities, respectively: the instantaneous intensity, the EMF
intensity amplitude, and the EMF amplitude noise, 0 Lν  is the
average laser oscil ation frequency, 0 Lϕ  is the initial constant
phase shift, t  is the cur ent time.
In the opto-electronic oscillator system, under fulfillment
of excitation conditions in the electronic part of such an
oscillator, the radiofrequency oscillations ( )gu u t= give rise.
At that, the radiofrequency signal pas es to the electric MZ
input from the output of a nonlinear amplifier through the C
coupler during oscillation generation. The instantaneous
voltage of this signal is
10 0( ) [ ( )] cos[2 ( )],g MZ em e emu t U m t ft tπ φ ϕ= + + + (2)
where 01 01MZ CU U=  is the amplitude of fundamental
oscillation at the electric input of the MZ modulator or at the
C output, f  is the oscillation radiofrequency, 0eφ  is the
constant phase shift, ( )em tϕ  are electronic phase fluctuations,
( )emm t  are electronic amplitude fluctuations.
The low-noise single-mode and single-frequency quantum-
dimension laser diodes or the fiber optical lasers are used as
the light sources in OEO.
The laser included in the OEO structure (Figure 1) is
formed by (closed in the lo p) the nonlinear OA, the
nar owband optical filter (OF), and the optical delay line. The
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optical oscillation frequency 0 Lν , which is generated by the
quantum-dimension laser diodes in the autonomous steady-
state, can be found (under excitation condition fulfillment) on
the basis of the phase balance equations solution for the
steady-state optical intensity oscillations in the optical
resonator and in the laser active element.
To reveal the main mechanisms of the laser noise influence
on the OEO radiofrequency noise, the laser can be described
by a system of semi-classical equation with the Langevin’s
sources of the white noise ( Eξ , Pξ , Nξ ), relatively, for the
EMF intensity LE , a polarization of the laser active material
nP , a population difference N . We studied the laser equation
system under its operation in the single-frequency single-mode
regime. At that, oscillation are linear-polarized. The main
assumption for utilization of semi-classical equations is that
the carrier life time on the upper operation level and the time
constant 0 FT  of the laser optical filter (OF) are much larger
than the relaxation time of polarization 2T . At that, the
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In (3) 2T is the polarization time constant, the excited
particles at the upper energy level, 1T  is the lifetime of the
excited particles at the upper energy level, 0 FT  is the time
constant of the optical resonator,
ep  is the combined dipole
moment, h  is the Planck constant, 0 Fν  is the natural
frequency of the optical resonator on the specific n-th
longitudinal mode, 12ν is the optical frequency of the
transition, 0J  is the constant pump current,
0 0 02 01 02 1( ) / ( )N J N N N Tα ⋅ = − is the constant pump, 0ε  is  the
electrical constant, 0 Fν   is the intrinsic optical frequency of
the resonator, nP  is the polarization of the active material,
02 01( )N N N= −   is the population difference between the
excited and unexcited levels produced by the pumping, 0G -
gain factor .
It should be noted that equations (3) are similar to well-
studied equations in the oscillator theory for the double-circuit
autonomous oscillator with the inertial auto-bias chain with
fluctuations.
IV  MACH-ZENDER MODULATOR IN OEO: THE EMF
CORRELATOR
An effect of the ( )gu t  voltage in the one from two MZ
optical channels (Figure 1) on the refraction index of the
electric-optical material (the lithium niobate) from which the
MZ optical channels are made, leads to phase modulation of
optical oscillation. Adding of two emission on the PD area,
which passed through different optical MZ channels, leads to
intensity modulation of the laser emission.
 Retarded output emissions of the first and second channels
of the MZ modulator 1LE  and 2 LE  pass to the input of PD. If
the fiber-optical system (FOS) is formed by single OF, the
delay difference is determined as M M20 M10 = -T T TΔ .
We considered OEO with the Mach-Zender
interferometer, which perform a role of optical emission
modulator as a correlator of two optical oscillations
( )L LE E t=  and delayed by some time tΔ  oscillation
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where τ   - the time of observation. To the PD area in OEO
occurs at high optical power (in contrast to fiber optic
systems), so the law of random distribution (amplitude
Lmm and phase Lmϕ of the laser oscillation) are considered
normal.
Figure 1  shows an equivalent circuit of OEO. Here the
following blocks are introduced: «+» (adding), « »
(multiplication), «*» (conjugate) « ∫ » (integration). Blocks L,
A, F designate a laser, an electronic amplifier and an
electronic filter, relatively. Blocks « 1MT » and  « 2MT » are
delays in optical channels MZ and OF and equal to:
1 10M M BCT T T= +  and 2 20M M BCT T T= + . At open switch,
the PD photo-current is ( )PD ES R τ , where PDS  is  the  PD
sensitivity. When this switch is open, there is a strong
correlation between random quantities of Lmm  and Lmϕ  of
different optical MZ channels due to a small delay difference
of optical oscillations (tens picosecond)). At closed switch in
Figure 1 ), the electric oscillation affecting on the second
optical MZ channel is delayed with respect to the optical
oscillation of the first channel by the delay time in the optical
fiber (the delay 1…20 μ s). Interchannel correlation of
random quantities becomes weak. Therefore, requirements to
phase noise smallness are essentially increased.
The normalized correlation function of oscillation
( )L LE E t=  at the MZ output depends on time, and it
unambiguously determines the frequency spectrum of
oscillation power.
We take into account that oscillations 1 01 0L LE k E=  and
2 02 0L LE k E=  are propagated through the different MZ optical
channels, where 01k  and 02k  are excitation coefficients
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optical oscillation frequency 0 Lν , which is generated by the
quantum-dimension laser diodes in the autonomous steady-
state, can be found (under excitation condition fulfillment) on
the basis of the phase balance equations solution for the
steady-state optical intensity oscillations in the optical
resonator and in the laser active element.
To reveal the main mechanisms of the laser noise influence
on the OEO radiofrequency noise, the laser can be described
by a system of semi-classical equation with the Langevin’s
sources of the white noise ( Eξ , Pξ , Nξ ), relatively, for the
EMF intensity LE , a polarization of the laser active material
nP , a population difference N . We studied the laser equation
system under its operation in the single-frequency single-mode
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assumption for utilization of semi-classical equations is that
the carrier life time on the upper operation level and the time
constant 0 FT  of the laser optical filter (OF) are much larger
than the relaxation time of polarization 2T . At that, the
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In (3) 2T is the polarization time constant, the excited
particles at the upper energy level, 1T  is the lifetime of the
excited particles at the upper energy level, 0 FT  is the time
constant of the optical resonator,
ep  is the combined dipole
moment, h  is the Planck constant, 0 Fν  is the natural
frequency of the optical resonator on the specific n-th
longitudinal mode, 12ν is the optical frequency of the
transition, 0J  is the constant pump current,
0 0 02 01 02 1( ) / ( )N J N N N Tα ⋅ = − is the constant pump, 0ε  is  the
electrical constant, 0 Fν   is the intrinsic optical frequency of
the resonator, nP  is the polarization of the active material,
02 01( )N N N= −   is the population difference between the
excited and unexcited levels produced by the pumping, 0G -
gain factor .
It should be noted that equations (3) are similar to well-
studied equations in the oscillator theory for the double-circuit
autonomous oscillator with the inertial auto-bias chain with
fluctuations.
IV  MACH-ZENDER MODULATOR IN OEO: THE EMF
CORRELATOR
An effect of the ( )gu t  voltage in the one from two MZ
optical channels (Figure 1) on the refraction index of the
electric-optical material (the lithium niobate) from which the
MZ optical channels are made, leads to phase modulation of
optical oscillation. Adding of two emission on the PD area,
which passed through different optical MZ channels, leads to
intensity modulation of the laser emission.
 Retarded output emissions of the first and second channels
of the MZ modulator 1LE  and 2 LE  pass to the input of PD. If
the fiber-optical system (FOS) is formed by single OF, the
delay difference is determined as M M20 M10 = -T T TΔ .
We considered OEO with the Mach-Zender
interferometer, which perform a role of optical emission
modulator as a correlator of two optical oscillations
( )L LE E t=  and delayed by some time tΔ  oscillation
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where τ   - the time of observation. To the PD area in OEO
occurs at high optical power (in contrast to fiber optic
systems), so the law of random distribution (amplitude
Lmm and phase Lmϕ of the laser oscillation) are considered
normal.
Figure 1  shows an equivalent circuit of OEO. Here the
following blocks are introduced: «+» (adding), « »
(multiplication), «*» (conjugate) « ∫ » (integration). Blocks L,
A, F designate a laser, an electronic amplifier and an
electronic filter, relatively. Blocks « 1MT » and  « 2MT » are
delays in optical channels MZ and OF and equal to:
1 10M M BCT T T= +  and 2 20M M BCT T T= + . At open switch,
the PD photo-current is ( )PD ES R τ , where PDS  is  the  PD
sensitivity. When this switch is open, there is a strong
correlation between random quantities of Lmm  and Lmϕ  of
different optical MZ channels due to a small delay difference
of optical oscillations (tens picosecond)). At closed switch in
Figure 1 ), the electric oscillation affecting on the second
optical MZ channel is delayed with respect to the optical
oscillation of the first channel by the delay time in the optical
fiber (the delay 1…20 μ s). Interchannel correlation of
random quantities becomes weak. Therefore, requirements to
phase noise smallness are essentially increased.
The normalized correlation function of oscillation
( )L LE E t=  at the MZ output depends on time, and it
unambiguously determines the frequency spectrum of
oscillation power.
We take into account that oscillations 1 01 0L LE k E=  and
2 02 0L LE k E=  are propagated through the different MZ optical
channels, where 01k  and 02k  are excitation coefficients
( 01k + 02k ≈ 1). We introduce the excitation irregularity
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optical oscil ation frequency 0 Lν , hich is generated by the
quantu -di ension laser diodes in the autono ous steady-
state, can be found (under excitation condition fulfil ent) on
the basis of the phase balance equations solution for the
steady-state optical intensity oscil ations in the optical
resonator and in the laser active ele ent.
To reveal the ain echanis s of the laser noise influence
on the E  radiofrequency noise, the laser can be described
by a syste  of se i-classical equation ith the Langevin’s
sources of the hite noise ( Eξ , Pξ , Nξ ), relatively, for the
E F intensity LE , a polarization of the laser active aterial
nP , a population dif erence N . e studied the laser equation
syste  under its operation in the single-frequency single- ode
regi e. t that, oscil ation are linear-polarized. The ain
assu ption for utilization of se i-classical equations is that
the car ier life ti e on the upper operation level and the ti e
constant 0 FT  of the laser optical filter ( F) are uch larger
than the relaxation ti e of polarization 2T . t that, the
equation syste  ith the Langevin’s sources for the laser can












+ +(2 ) = ;
1







N N n L N
d Pd E dE
E
dt T dt dt
d P dP p
P NE
dt T dt h
dN N



















In (3) 2T is the polarization ti e constant, the excited
particles at the upper energy level, 1T  is the lifeti e of the
excited particles at the upper energy level, 0 FT  is the ti e
constant of the optical resonator,
ep  is the co bined dipole
o ent, h  is the Planck constant, 0 Fν  is the natural
frequency of the optical resonator on the specific n-th
longitudinal ode, 12ν is the optical frequency of the
transition, 0J  is the constant pu p cur ent,
0 0 02 01 02 1( ) / ( )N J N N N Tα ⋅ = − is the constant pu p, 0ε  is the
electrical constant, 0 Fν   is the intrinsic optical frequency of
the resonator, nP  is the polarization of the active aterial,
02 01( )N N N= −   is the population dif erence bet een the
excited and unexcited levels produced by the pu ping, 0 -
gain factor .
It should be noted that equations (3) are si ilar to el -
studied equations in the oscil ator theory for the double-circuit
autono ous oscil ator ith the inertial auto-bias chain ith
fluctuations.
I  C -ZE ER L T R I  E : T E E F
C RREL T R
n ef ect of the ( )gu t  voltage in the one fro  t o Z
optical channels (Figure 1) on the refraction index of the
electric-optical aterial (the lithiu  niobate) fro  hich the
Z optical channels are ade, leads to phase odulation of
optical oscil ation. dding of t o e ission on the P  area,
hich passed through dif erent optical Z channels, leads to
intensity odulation of the laser e ission.
 Retarded output e issions of the first and second channels
of the Z odulator 1LE  and 2 LE  pass to the input of P . If
the fiber-optical syste  (F S) is for ed by single F, the
delay dif erence is deter ined as M M20 M10 = -T T TΔ .
e considered E  ith the ach-Zender
interfero eter, hich perfor  a role of optical e ission
odulator as a cor elator of t o optical oscil ations
( )L LE E t=  and delayed by so e ti e tΔ  oscil ation
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here τ   - the ti e of observation. To the P  area in E
occurs at high optical po er (in contrast to fiber optic
syste s), so the la  of rando  distribution (a plitude
Lm and phase Lmϕ of the laser oscil ation) are considered
nor al.
Figure 1  sho s an equivalent circuit of E . ere the
fol o ing blocks are introduced: «+» (adding), « »
( ultiplication), «*» (conjugate) « ∫ » (integration). Blocks L,
, F designate a laser, an electronic a plifier and an
electronic filter, relatively. Blocks « 1MT » and  « 2MT » are
delays in optical channels Z and F and equal to:
1 10M M BCT T T= +  and 2 20M M BCT T T= + . t open s itch,
the P  photo-current is ( )PD ES R τ , here PDS  is  the  P
sensitivity. hen this s itch is open, there is a strong
cor elation bet een rando  quantities of Lm  and Lmϕ  of
dif erent optical Z channels due to a s al  delay dif erence
of optical oscil ations (tens picosecond) . t closed s itch in
Figure 1 ), the electric oscil ation af ecting on the second
optical Z channel is delayed ith respect to the optical
oscil ation of the first channel by the delay ti e in the optical
fiber (the delay 1 20 μ s). Interchannel cor elation of
rando  quantities beco es eak. Therefore, require ents to
phase noise s al ness are essential y increased.
The nor alized cor elation function of oscil ation
( )L LE E t=  at the Z output depends on ti e, and it
una biguously deter ines the frequency spectru  of
oscil ation po er.
e take into account that oscil ations 1 01 0L LE k E=  and
2 02 0L LE k E=  are propagated through the dif erent Z optical
channels, here 01k  and 02k  are excitation coef icients
( 01k + 02k ≈ 1). e introduce the excitation irregularity
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coefficient of MZ optical channels 02 01( / ) 1k kγ = ≈ (in the
experiment 01 02 0.5k k≈ ≈ ), then the result on interferencing
oscillations after MZ is 12 LE . Let us extract the modulus and
the argument of 12 LE  :
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where
1 210 20,2 2M MT Tϕ ν ϕ νπ π= ⋅ = ⋅ .
Figure 2. The magnitude and argument plots of the transfer
function of the MZ modulator versus frequency.
Plots of the modulus 12 LK  and the argument 12arg ( )LK ϕ
are presented in Figure 2, where
12
2 2
12 0/L L LK E E= ,
20 104 ( )M MT Tϕ πν= − . On the y-axis of argument we use
00 20 10( )M MT Tϕ πν−= +  .  Noteworthy, the smoothing degree
of optical channels according to the excited optical power
influences on the modulus and argument of the MZ transfer
function.
 We attract your attention to the fact that in expression for
2
12| |LE  the phase 0 1 ( )L guϕ  is modulated by the harmonic
oscillation
1 0 0( ) cos[2 ( )]g MZ e emu t U f t tπ φ ϕ= + + . The
expression for the function 212( )LE  versus the oscillation
amplitude 0MU  and the choice of MZ operation point 0 2Lϕ .
Figure 3. Plots of the power DC bias component of the optical
emission 0 LP  and power AC fundamental component 0GP  of
OEO in the PD photo-current (at MZ output)
.
                     a)                                                       b)
Figure 4. The spectrum structure (qualitative picture) of the
PD photo-current of the OEO (Figure 1, ) at 0 / 2MZ mϕ π= (a)
and 0MZ mϕ π=  (b). Designations: DC component - 0,
enlarged noise spectrum of DC component - 00S , fundamental
harmonic - 1, second harmonic - 2
The MZ operation point varies by the DC bias voltage
(Figure 3). We introduce the constant half-wave MZ bias
voltage 0 MZU π , which provides the phase difference 0 2Lϕ  of
180 degrees between optical oscillations of the first and






















In OEO we use the optical filter, which effectively
suppress optical harmonics of carries higher than second
2 0 2 fν ν= − , and in the OEO circuit with the single-side band
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In OEO we use the optical filter, which effectively
suppress optical harmonics of carries higher than second
2 0 2 fν ν= − , and in the OEO circuit with the single-side band
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harmonics from the “left” are suppressed. Then we may
present the simplified expression for 12 LE .
The expression for 212( )LE  can be rewritten using an
expansion on even 2 kJ  and odd 2 1kJ −  Bessel functions. Using
the trigonometric formula for cosine of the two angles sum,
we keep the first and second harmonics in the record of the
carrier expression only from the “left of the carrier”. Now we
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At spectrum calculation for Bessel functions we use the
approximation for [0;1]x ∈ , where 1 0/MZ MZx U U π= :
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The PD transfer function (or sensitivity) we define as PDS ,
then taking a noise into account, the expression for PD photo-
current is:
*
12 12( ) ( )PD PD L L TI S E t E t tτ= ⋅ − Δ .
Having introduced the total phase incursion 0 eMZφ , we
obtain following equations for PD photo-current harmonics
not taking a noise into account:
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  Calculations are presented according to the approach
accepted in statistic radio engineering. After obtaining of the
correlation function, we determine obtain the normalized (by
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In (8) δ  is the delta-function, and two first terms define
powers of the first and second harmonics of the photo-current.
From these expressions, we can see that levels of first and
second harmonics depends on squared coefficients 21a ,
2
2a ,
which in turn are defined by a choice of the MZ operation
point and normalized power of optical emission. The third
equation in (8) determines the noise spectrum of the constant
component, while the fourth one – relatively, the noise
spectrum of the fundamental harmonic, while the fifth one –
the second harmonic.
From this research we can make the following conclusion.
The photo-reception, at relatively high optical power arriving
on the PD area, is nonlinear and is accompanied by
appropriate interaction of the constant intensity component
with its alternate component. The level of the constant
component of the optical emission of the PD area affects of
the noise spectrum of the photo-current of the alternate
component of the fundamental photo-current harmonic. To
decrease this influence, we can transfer into MZ operation
mode with 1800-difference of phase incursions in MZ optical
channels. Figure 3 shows PSD and harmonics, which
qualitatively illustrates the formula (8) at different choices of
0 MZϕ .
V  SYMBOLIC EQUATIONS of OEO
If we introduce into equation system (3) and (11) the
operator /p d dt=  and take into consideration the total delay
time BCT  in the open circuit “MZ-C” introducing the FOLD
transfer function BZK , we obtain the system of symbolic
equations with fluctuating noise sources in the compact form
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where BZK  is the FOLD transfer function, eFT  is the time
constant of the electronic filter (EF), 0eFf  is the EF natural
frequency, Uξ  is the Langevinian noise of the electronic
amplifier, which is defined by shot noises. In (9), the nonlinear
function ( )A PDS i  is introduced, which connects the
instantaneous current PDi  value at the A amplifier input (or the
PD photo-current) with the MZu  voltage at the A amplifier
output (or MZ voltage). Equations (9) describe oscillations in
the opto-electronic part: closed into a loop of MZ, OF, PD, A,
F, C.
Here in (9), we introduce the operator 0 0 0( ) F PQ p Q Q= ,
where
2 2 2
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The MZ operation point varies by the DC bias voltage
(Figure 3). We introduce the constant half-wave MZ bias
voltage 0 MZU π , which provides the phase difference 0 2Lϕ  of
180 degrees between optical oscillations of the first and






















In OEO we use the optical filter, which effectively
suppress optical harmonics of carries higher than second
2 0 2 fν ν= − , and in the OEO circuit with the single-side band
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harmonics from the “left” are suppressed. Then we may
present the simplified expression for 12 LE .
The expression for 212( )LE  can be rewritten using an
expansion on even 2 kJ  and odd 2 1kJ −  Bessel functions. Using
the trigonometric formula for cosine of the two angles sum,
we keep the first and second harmonics in the record of the
carrier expression only from the “left of the carrier”. Now we
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At spectrum calculation for Bessel functions we use the
approximation for [0;1]x ∈ , where 1 0/MZ MZx U U π= :
2
0 ( ) 1 4
x
J x ≈ − ;
3
1 ( ) 2 16
x x
J x ≈ − , and
2
0 ( ) .8
x
≈




























a γ ϕ= −
The PD transfer function (or sensitivity) we define as PDS ,
then taking a noise into account, the expression for PD photo-
current is:
*
12 12( ) ( )PD PD L L TI S E t E t tτ= ⋅ − Δ .
Having introduced the total phase incursion 0 eMZφ , we
obtain following equations for PD photo-current harmonics
not taking a noise into account:
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  Calculations are presented according to the approach
accepted in statistic radio engineering. After obtaining of the
correlation function, we determine obtain the normalized (by




1 0 2 0
2
2 2 2 4 2 1
1 2 1 1 0
4
2 2 2 2 21
2 2 0 2 1 0
/ ( ) ( 2 )
2 8
4( ) ( ) ( )
2






Le Le Lm L
MZ
L MZ Le L e Lm
U U
S S a f f a f f
U
a a S f a S f f
U







= − + −
+ + ⋅ + −
+ − + −
(8)
In (8) δ  is the delta-function, and two first terms define
powers of the first and second harmonics of the photo-current.
From these expressions, we can see that levels of first and
second harmonics depends on squared coefficients 21a ,
2
2a ,
which in turn are defined by a choice of the MZ operation
point and normalized power of optical emission. The third
equation in (8) determines the noise spectrum of the constant
component, while the fourth one – relatively, the noise
spectrum of the fundamental harmonic, while the fifth one –
the second harmonic.
From this research we can make the following conclusion.
The photo-reception, at relatively high optical power arriving
on the PD area, is nonlinear and is accompanied by
appropriate interaction of the constant intensity component
with its alternate component. The level of the constant
component of the optical emission of the PD area affects of
the noise spectrum of the photo-current of the alternate
component of the fundamental photo-current harmonic. To
decrease this influence, we can transfer into MZ operation
mode with 1800-difference of phase incursions in MZ optical
channels. Figure 3 shows PSD and harmonics, which
qualitatively illustrates the formula (8) at different choices of
0 MZϕ .
V  SYMBOLIC EQUATIONS of OEO
If we introduce into equation system (3) and (11) the
operator /p d dt=  and take into consideration the total delay
time BCT  in the open circuit “MZ-C” introducing the FOLD
transfer function BZK , we obtain the system of symbolic
equations with fluctuating noise sources in the compact form
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where BZK  is the FOLD transfer function, eFT  is the time
constant of the electronic filter (EF), 0eFf  is the EF natural
frequency, Uξ  is the Langevinian noise of the electronic
amplifier, which is defined by shot noises. In (9), the nonlinear
function ( )A PDS i  is introduced, which connects the
instantaneous current PDi  value at the A amplifier input (or the
PD photo-current) with the MZu  voltage at the A amplifier
output (or MZ voltage). Equations (9) describe oscillations in
the opto-electronic part: closed into a loop of MZ, OF, PD, A,
F, C.
Here in (9), we introduce the operator 0 0 0( ) F PQ p Q Q= ,
where
2 2 2
0 0 0 0( +(1 / ) +(2 ) ) / (2 ) ;OF F F FQ p T p πν πν=
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The PD transfer function (or sensitivity) we define as PDS ,
then taking a noise into ac ount, the expres ion for PD photo-
cur ent is:
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In (8) δ  is the delta-function, and two first terms define
powers of the first and second harmonics of the photo-cur ent.
From these expres ions, we can se  that levels of first and
second harmonics depends on squared coef icients 21a ,
2
2a ,
which in turn are defined by a choice of the MZ operation
point and normalized power of optical emis ion. The third
equation in (8) determines the noise spectrum of the constant
component, while the fourth one – relatively, the noise
spectrum of the fundamental harmonic, while the fifth one –
the second harmonic.
From this research we can make the fol owing conclusion.
The photo-reception, at relatively high optical power ar iving
on the PD area, is nonlinear and is ac ompanied by
ap ropriate interaction of the constant intensity component
with its alternate component. The level of the constant
component of the optical emis ion of the PD area af ects of
the noise spectrum of the photo-cur ent of the alternate
component of the fundamental photo-cur ent harmonic. To
decrease this influence, we can transfer into MZ operation
mode with 1800-dif erence of phase incursions in MZ optical
chan els. Figure 3 shows PSD and harmonics, which
qualitatively illustrates the formula (8) at dif erent choices of
0 MZϕ .
V  SYMBOLIC EQUATIONS of OEO
If we introduce into equation system (3) and (1 ) the
operator /p d dt=  and take into consideration the total delay
time BCT  in the open circuit “MZ-C” introducing the FOLD
transfer function BZK , we obtain the system of symbolic
equations with fluctuating noise sources in the compact form
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where BZK  is the FOLD transfer function, eFT  is the time
constant of the electronic filter (EF), 0eFf  is the EF natural
frequency, Uξ  is the Langevinian noise of the electronic
amplifier, which is defined by shot noises. In (9), the nonlinear
function ( )A PDS i  is introduced, which con ects the
instantaneous cur ent PDi  value at the A amplifier input (or the
PD photo-cur ent) with the MZu  voltage at the A amplifier
output (or MZ voltage). Equations (9) describe oscillations in
the opto-electronic part: closed into a lo p of MZ, OF, PD, A,
F, C.
Here in (9), we introduce the operator 0 0 0( ) F PQ p Q Q= ,
where
2 2 2
0 0 0 0( +(1 / ) +(2 ) ) / (2 ) ;OF F F FQ p T p πν πν=
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2 2 2
0 2 12 12( +(1 / ) +(2 ) ) / (2 ) .PQ p T p πν πν=
The total noise component SNξ  is determined as
1 2 2
00 0 12( ) / ((2 ) (2 ) ).SN N n P P E FE Qξ ξ η ξ ξ πν πν
−= ⋅ + +
Coefficients 00α  and 00β  have a sense of amplification and

































The 00η  parameter defines the laser inertia and connects















The first equation of the (9) system has a feature that it is
similar by its form to well-studied equations in radio
engineering for the double-circuit autonomous oscillator with
the arcwise-cubic function of the nonlinear inertial element of
the AC voltage versus current. But coefficients included into
equations (9) are expressed via AC components of the laser
physical quantities: a population, a dipole moment, a life-time
on the upper operation level, a time constant of the laser
optical filter, Langevinian noise sources of optical emission,
population and polarization.
A transfer from (9) to differential abbreviated equations
allows not only determination the laser power 0
2
LE  in
steady-state, but to write abbreviated equations with
fluctuations, from which we below obtain expressions for
power spectral density (PSD) of the phase and amplitude
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 Thus, the coefficient ratio of 00 00( / )α β  has got the clear
physical sense for lasers. The larger an amplitude of the laser
output optical oscillation, the higher a ratio of relative
population excess on the level under excitation, and inversely
proportional gain factor and lifetime 0 1G T⋅ .
To derive a formula for the noise PSD, we expand the
truncated representation 0 ( )Q p , denoted as ( )Q p , into the real
and imaginary parts:
Re Im( ) ( ) ( ),Q p Q p jQ p= +
where
Re 00 0 =(1 )cos( ) / ( )F F L L LQ FT FT P K+ ,
Im 0 00 0 =(1 )cos( ) / ( )F F L L LQ FT FT P K+ .
The LT is delay in the cavity, 0LK  is the coefficient of a
total loss of optical power in the laser feedback loop. Now we
present of the total complex noise component by a sum of real
and imaginary parts as:
Re Im .SN SN SNjξ ξ ξ= +
Using the standard approach to abbreviation of differential
equations with fluctuating sources, the Fourier transform, the
Wiener-Khinchin theorem, we obtain single sideband (SSB)
PSD of the laser amplitude and phase noise. The ReSNξ  real
part has in spectral representation a view of ReSLS , while the
imaginary part ImSNξ  has a view ImSLS .
SSB PSD equations obtained from (12) for the laser phase
noise, which operates in quasi-stationary mode (single-mode
and single-frequency) have the following form:
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where 20 00 00 0E LES α β= − ,
2
00 0EL LEσ β= . If for (11) we
examine a case when the imaginary part Im 0FQ = ,
0 0 1L LP K ≈ , and  there is a small delay, i.e.,
2cos ( ) 1LFT ≈ ,
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0 0L LP E= is the optical emission power on the PD light-
sensitive area.
The (11) expression defines that the power growth and
increase of the laser resonator time constant 0 FT  (or resonator
Q-factor increase) leads to reduction of the laser phase noise.
 Expressions (11),(12) for SSB PSD of the laser phase
noise do not reflect the important property of the laser
oscillating system: a presence of the relaxation resonance on
the frequency 00 Lν  at the offset from a carrier 0 Lν , i.e., at
00 00 02 ( )L L LF π ν ν= − . We can take this “resonance peak” into
account at linearization of (3) system with account of the
population equation. At that, the expression for SSB PSD of
the laser phase noise take a form:
2 2
Im 11 22
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where 1/200 1 0 1 0(1 / )(( / ) 1) ,L L FF T T T α= − 0α  is an excess of DC
laser pumping over its threshold value, 00 lα  is a damping
decrement, 11D  and 22D  are the constant coefficients, and
LES , LNS  are. Relatively, spectral densities of impacts in (3)
Eξ , .Nξ  Figure 5 shows the plot 1 of PSD of the laser phase
noise calculated by formula (13) for
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The first equation of the (9) system has a feature that it is
similar by its form to well-studied equations in radio
engineering for the double-circuit autonomous oscillator with
the arcwise-cubic function of the nonlinear inertial element of
the AC voltage versus current. But coefficients included into
equations (9) are expressed via AC components of the laser
physical quantities: a population, a dipole moment, a life-time
on the upper operation level, a time constant of the laser
optical filter, Langevinian noise sources of optical emission,
population and polarization.
A transfer from (9) to differential abbreviated equations
allows not only determination the laser power 0
2
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steady-state, but to write abbreviated equations with
fluctuations, from which we below obtain expressions for
power spectral density (PSD) of the phase and amplitude
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physical sense for lasers. The larger an amplitude of the laser
output optical oscillation, the higher a ratio of relative
population excess on the level under excitation, and inversely
proportional gain factor and lifetime 0 1G T⋅ .
To derive a formula for the noise PSD, we expand the
truncated representation 0 ( )Q p , denoted as ( )Q p , into the real
and imaginary parts:
Re Im( ) ( ) ( ),Q p Q p jQ p= +
where
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The LT is delay in the cavity, 0LK  is the coefficient of a
total loss of optical power in the laser feedback loop. Now we
present of the total complex noise component by a sum of real
and imaginary parts as:
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equations with fluctuating sources, the Fourier transform, the
iener-Khinchin theorem, we obtain single sideband (SSB)
PSD of the laser amplitude and phase noise. The ReSNξ  real
part has in spectral representation a view of ReSLS , while the
imaginary part ImSNξ  has a view ImSLS .
SSB PSD equations obtained from (12) for the laser phase
noise, which operates in quasi-stationary mode (single-mode
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0 0L LP E= is the optical emission power on the PD light-
sensitive area.
The (11) expression defines that the power growth and
increase of the laser resonator time constant 0 FT  (or resonator
Q-factor increase) leads to reduction of the laser phase noise.
 Expressions (11),(12) for SSB PSD of the laser phase
noise do not reflect the important property of the laser
oscillating system: a presence of the relaxation resonance on
the frequency 00 Lν  at the offset from a carrier 0 Lν , i.e., at
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where 1/200 1 0 1 0(1 / )(( / ) 1) ,L L FF T T T α= − 0α  is an excess of DC
laser pumping over its threshold value, 00 lα  is a damping
decrement, 11D  and 22D  are the constant coefficients, and
LES , LNS  are. Relatively, spectral densities of impacts in (3)
Eξ , .Nξ  Figure 5 shows the plot 1 of PSD of the laser phase
noise calculated by formula (13) for
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Figure 5.Laser phase noise SSB PSD (curve 1), calculated by
(13), and OEO phase noise SSB PSD (curve 2).
VI  OEO PHASE NOISE SSB PSD
From equations (9) with account of (10) for nonlinear
characteristic of the A amplifier (Figure 1) as a cubic
polynomial 3
0 0( )A e ei u u uα β= − (where u is the
instantaneous voltage at the amplifier input, and the average
slope of this characteristics is 00 00 0(3 / 4)U e e GPσ α β= − ) and
we can obtain through laser and delay line parameters the
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Similarly to (11) for laser PSD, we obtain from the general
symbolic equations (9) the equation for PSD S
Ψ
 of the OEO
phase noise. PSD S
Ψ
 reduced to the radiofrequency oscillation
power
0G
P is determined by expression derived in [12]
according to the Evtianov-Kuleshov approach:
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where Im Im ( )FDNY FDNYS S F= , Re Re ( )FDNY FDNYS S F=  are the in-
phase and quadrature components of fluctuations determining
by the joint noises of a laser, a photodiode, and in the
amplifier the OEO closed loop; F is the analysis frequency ω
offset from the generation frequency 0ω , ( 0F ω ω= − );
Re Re ( )a aY Y F= , Im Im ( )a aY Y F=  the in-phase and quadrature
components of the OEO control conductance (abbreviated
representations) Re Im =a a aY Y jY+ :
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where BZK the modulus of the transfer function of the open
circuit OEO, BCT  is the total delay time of oscillations in the
OEO open loop including a delay in the OF fiber, My  is the
input normalized conductivity of the MZ modulator.
Let us consider the case of large delay and we take into
account the laser SSB PSD as in (13). Let in (14)
Im ReFDNY FDNY spS S N hν= = , where the spN  is a number of
spontaneous photons received by PD, while ReaY and ImaY are
defined as (18) and (19) . Then the function of OEO phase
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where AC   - the constant coefficient, the 2K  coefficient
depends on the delay time in the optical fiber and on the laser
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From (17), (18) we see that the laser phase noise are
suppressed with OF length growth, increase of the total
transfer function in the OEO loop, the laser power as well as
00eα  and 00eβ  choice.
Figure 5 shows plots of (13), (18) which are limited functions of
OEO of the phase noise PSD with account of small noises of PD and
the A amplifier, at laser phase noise for the offset frequency 1 kHz
equaled to about -120 dB/Hz, at laser power 20 mW, the delay of
65 10BCT
−= ⋅ s (the OF length is 100 m), Uσ =1. We see that the first
peak is defined by the laser phase noise PSD, and average suppression
of the phase noise for 50 kHz offset is more, that  -10 dB/Hz.
 Figure 6 shows the OEO phase noise PSD versus delay time BCT
(or the length of the optical fiber). This calculation is fulfilled on the
basis of formulas (17), (18) with about the same assumptions and
values of the laser phase noise and main OEO parameters as in Figure
5. It should be noted that at the optical fiber length of 2 km the uniform
suppression of the laser phase noise is achieved in the offset range
1…50 kHz. Calculation of the phase noise suppression factor 2 ( )K F
suppression factor according to (18) is presented in Figure 7 Uσ =1
1Uσ = : / 1BC FT T = , 0 2L BZP K = (curve 1); / 10BC FT T = ,
0 2L BZP K =  (curve 2); / 10BC FT T = , 0 4L BZP K =  (3 curve). It
can be seen that increase of delay time from / 1BC FT T =  (curve 1)
to / 10BC FT T =  (curve 2) results in reduction of 2K  factor more than
10 times in the rated offset frequency FF T⋅ range 0.05…0.5. For
example,




It is shown that at OF length, the further reduction of the OEO phase
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The first equation of the (9) system has a feature that it is
similar by its form to well-studied equations in radio
engineering for the double-circuit autonomous oscillator with
the arcwise-cubic function of the nonlinear inertial element of
the AC voltage versus current. But coefficients included into
equations (9) are expressed via AC components of the laser
physical quantities: a population, a dipole moment, a life-time
on the upper operation level, a time constant of the laser
optical filter, Langevinian noise sources of optical emission,
population and polarization.
A transfer from (9) to differential abbreviated equations
allows not only determination the laser power 0
2
LE  in
steady-state, but to write abbreviated equations with
fluctuations, from which we below obtain expressions for
power spectral density (PSD) of the phase and amplitude
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 Thus, the coefficient ratio of 00 00( / )α β  has got the clear
physical sense for lasers. The larger an amplitude of the laser
output optical oscillation, the higher a ratio of relative
population excess on the level under excitation, and inversely
proportional gain factor and lifetime 0 1G T⋅ .
To derive a formula for the noise PSD, we expand the
truncated representation 0 ( )Q p , denoted as ( )Q p , into the real
and imaginary parts:
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where
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The LT is delay in the cavity, 0LK  is the coefficient of a
total loss of optical power in the laser feedback loop. Now we
present of the total complex noise component by a sum of real
and imaginary parts as:
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Using the standard approach to abbreviation of differential
equations with fluctuating sources, the Fourier transform, the
Wiener-Khinchin theorem, we obtain single sideband (SSB)
PSD of the laser amplitude and phase noise. The ReSNξ  real
part has in spectral representation a view of ReSLS , while the
imaginary part ImSNξ  has a view ImSLS .
SSB PSD equations obtained from (12) for the laser phase
noise, which operates in quasi-stationary mode (single-mode
and single-frequency) have the following form:
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where 20 00 00 0E LES α β= − ,
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00 0EL LEσ β= . If for (11) we
examine a case when the imaginary part Im 0FQ = ,
0 0 1L LP K ≈ , and  there is a small delay, i.e.,
2cos ( ) 1LFT ≈ ,
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0 0L LP E= is the optical emission power on the PD light-
sensitive area.
The (11) expression defines that the power growth and
increase of the laser resonator time constant 0 FT  (or resonator
Q-factor increase) leads to reduction of the laser phase noise.
 Expressions (11),(12) for SSB PSD of the laser phase
noise do not reflect the important property of the laser
oscillating system: a presence of the relaxation resonance on
the frequency 00 Lν  at the offset from a carrier 0 Lν , i.e., at
00 00 02 ( )L L LF π ν ν= − . We can take this “resonance peak” into
account at linearization of (3) system with account of the
population equation. At that, the expression for SSB PSD of
the laser phase noise take a form:
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where 1/200 1 0 1 0(1 / )(( / ) 1) ,L L FF T T T α= − 0α  is an excess of DC
laser pumping over its threshold value, 00 lα  is a damping
decrement, 11D  and 22D  are the constant coefficients, and
LES , LNS  are. Relatively, spectral densities of impacts in (3)
Eξ , .Nξ  Figure 5 shows the plot 1 of PSD of the laser phase
noise calculated by formula (13) for
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Figure 5.Laser phase noise SSB PSD (curve 1), calculated by
(13), and OEO phase noise SSB PSD (curve 2).
VI  OEO PHASE NOISE SSB PSD
From equations (9) with account of (10) for nonlinear
characteristic of the A amplifier (Figure 1) as a cubic
polynomial 3
0 0( )A e ei u u uα β= − (where u is the
instantaneous voltage at the amplifier input, and the average
slope of this characteristics is 00 00 0(3 / 4)U e e GPσ α β= − ) and
we can obtain through laser and delay line parameters the
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Similarly to (11) for laser PSD, we obtain from the general
symbolic equations (9) the equation for PSD S
Ψ
 of the OEO
phase noise. PSD S
Ψ
 reduced to the radiofrequency oscillation
power
0G
P is determined by expression derived in [12]
according to the Evtianov-Kuleshov approach:
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where Im Im ( )FDNY FDNYS S F= , Re Re ( )FDNY FDNYS S F=  are the in-
phase and quadrature components of fluctuations determining
by the joint noises of a laser, a photodiode, and in the
amplifier the OEO closed loop; F is the analysis frequency ω
offset from the generation frequency 0ω , ( 0F ω ω= − );
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where BZK the modulus of the transfer function of the open
circuit OEO, BCT  is the total delay time of oscillations in the
OEO open loop including a delay in the OF fiber, My  is the
input normalized conductivity of the MZ modulator.
Let us consider the case of large delay and we take into
account the laser SSB PSD as in (13). Let in (14)
Im ReFDNY FDNY spS S N hν= = , where the spN  is a number of
spontaneous photons received by PD, while ReaY and ImaY are
defined as (18) and (19) . Then the function of OEO phase
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where AC   - the constant coefficient, the 2K  coefficient
depends on the delay time in the optical fiber and on the laser
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From (17), (18) we see that the laser phase noise are
suppressed with OF length growth, increase of the total
transfer function in the OEO loop, the laser power as well as
00eα  and 00eβ  choice.
Figure 5 shows plots of (13), (18) which are limited functions of
OEO of the phase noise PSD with account of small noises of PD and
the A amplifier, at laser phase noise for the offset frequency 1 kHz
equaled to about -120 dB/Hz, at laser power 20 mW, the delay of
65 10BCT
−= ⋅ s (the OF length is 100 m), Uσ =1. We see that the first
peak is defined by the laser phase noise PSD, and average suppression
of the phase noise for 50 kHz offset is more, that  -10 dB/Hz.
 Figure 6 shows the OEO phase noise PSD versus delay time BCT
(or the length of the optical fiber). This calculation is fulfilled on the
basis of formulas (17), (18) with about the same assumptions and
values of the laser phase noise and main OEO parameters as in Figure
5. It should be noted that at the optical fiber length of 2 km the uniform
suppression of the laser phase noise is achieved in the offset range
1…50 kHz. Calculation of the phase noise suppression factor 2 ( )K F
suppression factor according to (18) is presented in Figure 7 Uσ =1
1Uσ = : / 1BC FT T = , 0 2L BZP K = (curve 1); / 10BC FT T = ,
0 2L BZP K =  (curve 2); / 10BC FT T = , 0 4L BZP K =  (3 curve). It
can be seen that increase of delay time from / 1BC FT T =  (curve 1)
to / 10BC FT T =  (curve 2) results in reduction of 2K  factor more than
10 times in the rated offset frequency FF T⋅ range 0.05…0.5. For
example,




It is shown that at OF length, the further reduction of the OEO phase
noise is possible using the PLL (phase-locked loop) system.
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Figure 5.Laser phase noise SSB PS  (curve 1), calculated by
(13), and E  phase noise SSB PS  (curve 2).
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instantaneous voltage at the a plifier input, and the average
slope of this characteristics is 0 0 0(3 / 4)U e e GPσ α β= − ) and
e can obtain through laser and delay line para eters the
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here BZK the odulus of the transfer function of the open
circuit E , BCT  is the total delay ti e of oscil ations in the
E  open loop including a delay in the F fiber, My  is the
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Let us consider the case of large delay and e take into
account the laser SSB PS  as in (13). Let in (14)
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spontaneous photons received by P , hile ReaY and ImaY are
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Fro  (17), (18) e see that the laser phase noise are
suppressed ith F length gro th, increase of the total
transfer function in the E  loop, the laser po er as el  as
0eα  and 0eβ  choice.
Figure 5 sho s plots of (13), (18) hich are li ited functions of
E  of the phase noise PS  ith account of s al  noises of P  and
the  a plifier, at laser phase noise for the of set frequency 1 k z
equaled to about -120 dB/ z, at laser po er 20 , the delay of
65 10BCT
−= ⋅ s (the F length is 100 ), Uσ =1. e see that the first
peak is defined by the laser phase noise PS , and average suppres ion
of the phase noise for 50 k z of set is ore, that  -10 dB/ z.
 Figure 6 sho s the E  phase noise PS  versus delay ti e BCT
(or the length of the optical fiber). This calculation is fulfil ed on the
basis of for ulas (17), (18) ith about the sa e as u ptions and
values of the laser phase noise and ain E  para eters as in Figure
5. It should be noted that at the optical fiber length of 2 k  the unifor
suppres ion of the laser phase noise is achieved in the of set range
1 50 k z. Calculation of the phase noise suppres ion factor 2 ( )K F
suppres ion factor according to (18) is presented in Figure 7 Uσ =1
1U = : / 1BC FT T = , 0 2L BZP K = (curve 1); / 10BC FT T = ,
0 2L BZP K =  (curve 2); / 10BC FT T = , 0 4L BZP K =  (3 curve). It
can be se n that increase of delay ti e fro / 1BC FT T =  (curve 1)
to / 10BC FT T =  (curve 2) results in reduction of 2K  factor ore than
10 ti es in the rated of set frequency FT⋅ range 0.05 0.5. For
exa ple,




It is sho n that at F length, the further reduction of the E  phase
noise is pos ible using the PLL (phase-locked loop) syste .
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Calculation results are well-agreed with experimental dependences of
OEO phase noise SSB PSD, which can be found in [14]. Here, we
should remind that first publications on research of frequency stability
in OEO with the help of FOLD were fulfilled in 1987-1989 at Radio
Transmitter Dept. of Moscow Power Engineering Institute (now 
MPEI) while the OEO circuit was offered in [15].
Figure 6. OEO phase noise SSB PSD of MZ modulator
depending upon the delay time in OF at various offsets from
the radiofrequency of 10 GHz.
Figure 7. The phase noise suppression factor 2K  (equation
(18)) versus the rated offset frequency FF T⋅  from the OEO
generation frequency 0f  at different delays  in the optical
fiber of delay time /BC FT T  and the power of the laser optical
emission OLP , BZK    and 1Uσ = : / 1BC FT T = , 0 2L BZP K =
(curve 1); / 10BC FT T = , 0 2L BZP K =  (curve 2);
/ 10BC FT T = , 0 4L BZP K =  (3 curve).
VII  EXPERIMENTAL INVESTIGATIONS
Experimental researches were devoted for several
experimental OEO of microwave range with various pumping
laser diodes, which emit at wavelengths of 1310 nm or 1550
nm. The maximal output power of optical emission for used
laser diodes formed about 10…20 mW. Figure 8   shows the
photo picture of one piece assembled on the base of the circuit
in  Figure 1( ). As the photo-detector, we applied the FD on
the base of InGaAs. The radiofrequency filter  represented the
dielectric resonator of microwave range with the loaded Q-
factor of 1000. This resonator was made on ceramics and had
a natural frequency 8.2 GHz. This breadboard model used the
wideband (up to 12 GHz) modulation of laser emission, which
was performed by the Mach-Zender modulator from Hitachi
Co. The single-mode light guiders with lengths from 60 m to
4640 m were used for experiments. The stable generation of
single-frequency oscillation at frequency close to 8.2 GHz was
observed in OEO system for various OF lengths.
The delay of OEO signal was performed with the help of
additional fiber-optical light guider with the 10km-length and
the additional photo-diode. The phase noise level at usage of
different lasers formed the value –100… –127 dB/Hz, for
offsets 1…10 kHz from the microwave sub-carrier frequency
under generation and it depends on the spectral line width of
laser emission.
Essential reduction of the phase noise by 15 dB was
observed in OEO using the differential delay line on the base
of two optical fibers of different length. These experimental
functions are well-agreed with theoretical at account of the
stabilization effect at OF lengths more than 2000 m.
Figure 8. General view of the experimental breadboard of low-
noise laser opto-electronic oscillator of microwave range. The
mean oscillation frequency is 8…10 GHz.
VIII  CONCLUSION
Under assumption of the small and large oscillation
amplitude at the modulator electrical input, we study OEO as a
system in which two oscillation processes are developed on
the optical frequency and in radiofrequency. The relatively
simple expressions for phase noise PSD of the radiofrequency
generation in optoelectronic generator in the mode with the
single-side carrier with an account of the laser phase noise.
The analysis fulfilled shows that under condition of
predominance of laser noises being detected over v noises of
the electronic amplifier and the OEO photo-detector of the
filtering system.
For reduction of spurious influence of DC intensity
component on the photo-detector we offer to use the
modulator operation mode with an offset of the optical
channels «pi».
The suppression factor of the OEO laser phase noise at
optical fiber lengths from 2 to 10 km is about -8…-10 dB/Hz
at offset of F =1 kHz. Utilization in OEO of the highly-
coherent laser with the phase noise less than ( ) 100S F = −
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Calculation results are wel -agre d with experimental dependences of
OEO phase noise SSB PSD, which can be found in [14]. Here, we
should remind that first publications on research of frequency stability
in OEO with the help of FOLD were fulfil ed in 1987-1989 at Radio
Transmitter Dept. of Moscow Power Engine ring Institute (now 
MPEI) while the OEO circuit was of ered in [15].
Figure 6. OEO phase noise SSB PSD of MZ modulator
depending upon the delay time in OF at various of sets from
the radiofrequency of 10 GHz.
Figure 7. The phase noise suppres ion factor 2K  (equation
(18)  versus the rated of set frequency FF T⋅  from the OEO
generation frequency 0f  at dif erent delays in the optical
fiber of delay time /BC FT T  and the power of the laser optical
emis ion OLP , BZK  and 1Uσ = : / 1BC FT T = , 0 2L BZP K =
(curve 1); / 10BC FT T = , 0 2L BZP K =  (curve 2);
/ 10BC FT T = , 0 4L BZP K =  (3 curve).
VI  EXPERIMENTAL INVESTIGATIONS
Experimental researches were devoted for several
experimental OEO of microwave range with various pumping
laser diodes, which emit at wavelengths of 1310 nm or 1550
nm. The maximal output power of optical emis ion for used
laser diodes formed about 10 20 m . Figure 8 shows the
photo picture of one piece as embled on the base of the circuit
in Figure 1( ). As the photo-detector, we applied the FD on
the base of InGaAs. The radiofrequency filter represented the
dielectric resonator of microwave range with the loaded Q-
factor of 1000. This resonator was made on ceramics and had
a natural frequency 8.2 GHz. This breadboard model used the
wideband (up to 12 GHz) modulation of laser emis ion, which
was performed by the Mach-Zender modulator from Hitachi
Co. The single-mode light guiders with lengths from 60 m to
4640 m were used for experiments. The stable generation of
single-frequency oscil ation at frequency close to 8.2 GHz was
observed in OEO system for various OF lengths.
The delay of OEO signal was performed with the help of
additional fiber-optical light guider with the 10km-length and
the additional photo-diode. The phase noise level at usage of
dif erent lasers formed the value –100  –127 dB/Hz, for
of sets 1 10 kHz from the microwave sub-car ier frequency
under generation and it depends on the spectral line width of
laser emis ion.
Es ential reduction of the phase noise by 15 dB was
observed in OEO using the dif erential delay line on the base
of two optical fibers of dif erent length. These experimental
functions are wel -agre d with theoretical at ac ount of the
stabilization ef ect at OF lengths more than 2000 m.
Figure 8. General view of the experimental breadboard of low-
noise laser opto-electronic oscil ator of microwave range. The
mean oscil ation frequency is 8 10 GHz.
VI  CONCLUSION
Under as umption of the smal  and large oscil ation
amplitude at the modulator electrical input, we study OEO as a
system in which two oscil ation proces es are developed on
the optical frequency and in radiofrequency. The relatively
simple expres ions for phase noise PSD of the radiofrequency
generation in optoelectronic generator in the mode with the
single-side car ier with an ac ount of the laser phase noise.
The analysis fulfil ed shows that under condition of
predominance of laser noises being detected over v noises of
the electronic amplifier and the OEO photo-detector of the
filtering system.
For reduction of spurious influence of DC intensity
component on the photo-detector we of er to use the
modulator operation mode with an of set of the optical
channels «pi».
The suppres ion factor of the OEO laser phase noise at
optical fiber lengths from 2 to 10 km is about -8 -10 dB/Hz
at of set of F =1 kHz. Utilization in OEO of the highly-
coherent laser with the phase noise les  than ( ) 100S F = −
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dB/Hz (at the same offset) is the condition of OEO small
phase noises less than ( ) 130S F = −  dB/Hz at the 1F =  kHz
offset. The value of the OEO power spectral density is
proportional to the spectral line width of the laser optical
emission.
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Calculation results are well-agreed with experimental dependences of
OEO phase noise SSB PSD, which can be found in [14]. Here, we
should remind that first publications on research of frequency stability
in OEO with the help of FOLD were fulfilled in 1987-1989 at Radio
Transmitter Dept. of Moscow Power Engineering Institute (now 
MPEI) while the OEO circuit was offered in [15].
Figure 6. OEO phase noise SSB PSD of MZ modulator
depending upon the delay time in OF at various offsets from
the radiofrequency of 10 GHz.
Figure 7. The phase noise suppression factor 2K  (equation
(18)) versus the rated offset frequency FF T⋅  from the OEO
generation frequency 0f  at different delays  in the optical
fiber of delay time /BC FT T  and the power of the laser optical
emission OLP , BZK    and 1Uσ = : / 1BC FT T = , 0 2L BZP K =
(curve 1); / 10BC FT T = , 0 2L BZP K =  (curve 2);
/ 10BC FT T = , 0 4L BZP K =  (3 curve).
VII  EXPERIMENTAL INVESTIGATIONS
Experimental researches were devoted for several
experimental OEO of microwave range with various pumping
laser diodes, which emit at wavelengths of 1310 nm or 1550
nm. The maximal output power of optical emission for used
laser diodes formed about 10…20 mW. Figure 8   shows the
photo picture of one piece assembled on the base of the circuit
in  Figure 1( ). As the photo-detector, we applied the FD on
the base of InGaAs. The radiofrequency filter  represented the
dielectric resonator of microwave range with the loaded Q-
factor of 1000. This resonator was made on ceramics and had
a natural frequency 8.2 GHz. This breadboard model used the
wideband (up to 12 GHz) modulation of laser emission, which
was performed by the Mach-Zender modulator from Hitachi
Co. The single-mode light guiders with lengths from 60 m to
4640 m were used for experiments. The stable generation of
single-frequency oscillation at frequency close to 8.2 GHz was
observed in OEO system for various OF lengths.
The delay of OEO signal was performed with the help of
additional fiber-optical light guider with the 10km-length and
the additional photo-diode. The phase noise level at usage of
different lasers formed the value –100… –127 dB/Hz, for
offsets 1…10 kHz from the microwave sub-carrier frequency
under generation and it depends on the spectral line width of
laser emission.
Essential reduction of the phase noise by 15 dB was
observed in OEO using the differential delay line on the base
of two optical fibers of different length. These experimental
functions are well-agreed with theoretical at account of the
stabilization effect at OF lengths more than 2000 m.
Figure 8. General view of the experimental breadboard of low-
noise laser opto-electronic oscillator of microwave range. The
mean oscillation frequency is 8…10 GHz.
VIII  CONCLUSION
Under assumption of the small and large oscillation
amplitude at the modulator electrical input, we study OEO as a
system in which two oscillation processes are developed on
the optical frequency and in radiofrequency. The relatively
simple expressions for phase noise PSD of the radiofrequency
generation in optoelectronic generator in the mode with the
single-side carrier with an account of the laser phase noise.
The analysis fulfilled shows that under condition of
predominance of laser noises being detected over v noises of
the electronic amplifier and the OEO photo-detector of the
filtering system.
For reduction of spurious influence of DC intensity
component on the photo-detector we offer to use the
modulator operation mode with an offset of the optical
channels «pi».
The suppression factor of the OEO laser phase noise at
optical fiber lengths from 2 to 10 km is about -8…-10 dB/Hz
at offset of F =1 kHz. Utilization in OEO of the highly-
coherent laser with the phase noise less than ( ) 100S F = −
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dB/Hz (at the same offset) is the condition of OEO small
phase noises less than ( ) 130S F = −  dB/Hz at the 1F =  kHz
offset. The value of the OEO power spectral density is
proportional to the spectral line width of the laser optical
emission.
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